The hbd (hemoglobin deficit) mutation affects iron trafficking in murine reticulocytes. It is due to a deletion that eliminates exon 8 of Sec15l1, the homolog of a gene that encodes an exocyst component in yeast. We tested the hypothesis that the mutation causes defective slow or rapid receptor recycling by measuring endocytosis and exocytosis of transferrin by hbd reticulocytes. Endocytosis and initial iron incorporation were relatively unaffected, but exocytosis was unexpectedly slowed. These data indicate that rapid transferrin recycling is defective after pSec15l1 has mutated.
Mutants provide a critical way of testing concepts for trafficking in intact mammals. The hbd (hemoglobin deficit) mouse has a mutation that causes defective iron utilization in reticulocytes subsequent to transferrin (Tf) binding and internalization [1] . Recently two groups [2, 3] have used crosses and DNA sequencing to identify the mutation in hbd as a 4.5 kb deletion in Sec15l1 that leads to loss of exon 8 in the corresponding mRNA and an apparent absence of the protein from reticulocytes. Because yeast SEC15, an essential component of the exocyst complex involved in secretion [4] , is a homolog of Sec15l1 protein, both groups considered hypotheses based on a role of Sec15l1 protein in vesicle docking. Given that sorting (early) endosomes can recycle Tf receptor (TfR) to the surface by a rapid direct route or by a slower route via the endocytic recycling compartment (ERC) ( [5, 6] for reviews), one proposal [2] , postulating that Sec15l1 protein was required for the ERC route, was that recycling of Tf-containing endosomes would be speeded up by the mutation and thus not have sufficient time to unload iron from the Tf-TfR complex. Another proposal [3] was that the mutation is in a key protein for iron targeting to the mitochondria via the "kiss and run" hypothesis [7] . Contrary to the first hypothesis, however, one could argue that data on SEC15's role in the yeast exocyst complex [8] [9] [10] would favor the argument that mutational loss of Sec15l1 protein should prevent rapid recycling of the TfR. Here we present experiments designed to test whether exocytosis of Tf-TfR accelerates or slows in hbd reticulocytes. The results indicate that rapid Tf-TfR recycling is defective.
The stock of hbd/hbd mice was maintained as previously reported [1] . The University at Buffalo Institutional Animal Use and Care Committee approved the work with these mice. The following materials and techniques are also described in that paper: Reticulocyte rich blood (referred to as reticulocytes) was collected from hbd/hbd mice and +/? littermates. Normal plasma was 59 Fe-labeled for incubation with washed reticulocytes then incubations were at 37°C. Tf was 125 I-labeled as described [11] .
Endocytosis and exocytosis
Analyses of endocytosis and exocytosis used washed mouse reticulocytes incubated with 1 μM Fe-125 I-Tf as previously done for a study of Belgrade rat reticulocytes [12] . Briefly, for endocytosis, aliquots were removed from incubation at 37°C at intervals to ice-cold PBS containing 1 mg/ml pronase to remove surface bound label during a 20 min surface digestion. Cells were washed 3 times with PBS then lysed in distilled water and 125 I-counts/min determined in a LKB Compugamma γ counter. For exocytosis, washed reticulocytes were preincubated with Fe-125 I-Tf for 30 min at 37°C, treated with pronase to remove surface bound label, washed 3 times with PBS at 4°C, then incubated in prewarmed medium containing 1 μM unlabeled Tf at 37°C for selected intervals. Cells were then washed, lysed and counted.
Statistics
Data reduction and statistical analyses relied on methods also described for analyses of Begrade rat reticulocytes [12] except that nonlinear fitting was done with Scientis (Micromath, Salt Lake City, UT) replacing MINSQ. The SD from the least square fits was again treated as distributed like t in Student's distribution for hypothesis significance testing. Each experiment was repeated three times with comparable results; figures illustrate a representative set of data.
Iron incorporation
The most appropriate controls for hbd/hbd preparations are similar preparations from phenotypically normal littermates; because such littermates could not be fully genotyped prior to identification of the gene, they are designated as +/? to indicate that the second allele is uncertain (+ or hbd). Earlier data [1] indicated that iron uptake into hbd reticulocytes was considerably less effective than into +/? reticulocytes, but also showed that incorporation in the first 5 min was less affected. We therefore started by doing a more detailed time course (Fig. 1 ) in the early period. These data confirm the earlier results for longer times and extend the time course out to 60 min. More importantly, the early time course shows that iron uptake by mutant and control is indistinguishable for 2.5 min and that the mutant lags behind thereafter. Early events should be dominated by endocytosis of the Tf-TfR complex and then its arrival at the early or sorting endosome. Iron uptake appears to go awry essentially at the time when sorting should take place.
Endocytosis
These results encouraged us to investigate Tf uptake in a fashion (Fig. 2) that would specifically follow endocytosis in more detail than prior labeling experiments [1] . As many investigators have shown (e.g., [12] [13] [14] ), the initial approach to a dynamic equilibrium for 125 I-Tf labeling of cells fits an exponential process so such a fit was used for the data in the top panels. Because it is easier to visualize data as a decay process, the bottom panels convert the points and fit to such a process and the insets linearize the data by using semi-log axes. The rate constant, k, for hbd/hbd endocytosis is 0.13 ± 0.04 (SD) min − 1 , corresponding to a half-time, t 1/2 , of 3.9 min; while for +/? endocytosis, k = 0.14 ± 0.02 min − 1 and t 1/2 = 3.5 min. There is essentially no difference between the rates of endocytosis; P = 0.58. There was a trend for the 15 and 30 min points of the upper hbd/hbd graphs to increase more than those points for the +/?, suggesting that exocytosis might be slower in the mutant; but direct measurements were a better way to appraise Tf-TfR recycling.
Exocytosis
Lim et al. [2] hypothesized that exocytosis in hbd/hbd reticulocytes should be accelerated by the mutation in Sec15l1 whereas SEC15's secretory role in yeast [8] [9] [10] supports the hypothesis that the mutation should diminish the rate of Tf-TfR recycling. Fig. 3 presents a direct examination of exocytosis. Reticulocytes containing 125 I-Tf were incubated for selected intervals and the level of Tf remaining within the cells measured. Both sets of reticulocytes recycled Tf to the medium at a rate that followed an exponential decay process, but the rates were strikingly different. The rate constant, k, for hbd/hbd exocytosis is 0.071 ± 0.007 min − 1 , and t 1/2 = 9.6 min; while for +/? endocytosis, k = 0.29 ± 0.03 min − 1 and t 1/2 = 2.3 min. The difference between the rates of exocytosis is very significant; P = 0.0027.
Therefore the rate of recycling of Tf-TfR complexes to the cell surface for exocytosis is slowed 4-fold in hbd/hbd reticulocytes compared to littermate control +/? reticulocytes. This difference is incompatible with the hypothesis that the deletion of exon 8 from Sec15l1 protein accelerates TfR recycling due to an effect on docking to the ERC [2] and consistent with the hypothesis that the mutation affects rapid recycling. Probably the mutant mice retain the slower recycling pathway in their reticulocytes while control reticulocytes rely primarily on rapid recycling based on these data. It is unclear what predictions would be made about the rate of recycling for the hypothesis that the mutation diminishes docking to the mitochondria for delivery of iron [3] so we conclude that additional experiments beyond the scope of this submission are necessary to test this interesting idea.
Lim et al. [2] speculated that the formation of circulating, soluble TfR would be accelerated due to more rapid TfR exocytosis in hbd/hbd reticulocytes. Because TfR recycling to the cell surface is actually slowed 4-fold by the mutation in Sec15l1, this intriguing speculation is inconsistent with our data. In support of the possibility, they had shown that soluble TfR in plasma was elevated in hbd/hbd mice compared to controls. There was no data, however, indicating that the plasma was taken from mice matched for rates of erythropoiesis (because immature red cells are the primary source of soluble TfR), so the elevation they detected probably reflects the higher rate of erythropoiesis in the anemic mutant.
After submission, we learned that a study with some similar experiments had just been published [15] . Zhang et al. reported that Tf cycling was slowed in hbd/hbd reticulocytes due to a decreased rate for both endocytosis and exocytosis. Thus we and they agree that exocytosis is affected by a mutation in pSec15l1, but there is disagreement as to whether it also affects endocytosis. The reason that they found impairment of endocytosis while we did not is unclear but could reflect small differences in the methods such that they were looking more at endocytosis during an approach to steady state for the Tf cycle while we were looking at initial rates of Tf uptake.
One can now consider possible predictions about the nature of the compartment(s) accessed by Tf-TfR complex in hbd/hbd reticulocytes. Although this complex is able to dwell within the cell longer after the mutation, it is less able to deliver iron from the complex to its destination in the mitochondria. Possibly the vesicles that contain this complex do not acidify adequately for uncoupling of the ligand. This hypothesis can be tested directly (c.f., [16] ). Possibly the vesicles that are accessed during rapid endosomal recycling are those where there is much more ferrireductase activity [16, 17] than in those vesicles that contain Tf-TfR in the mutant reticulocytes. This hypothesis is eminently testable due to the identification of the ferrireductase [18] . The possibilities we consider here could be properties of the normal ERC if, in fact, that is where the Tf-TfR complex dwells in mutant reticulocytes, but one must also keep in mind that the mutation may alter the ERC too or force the Tf-TfR complex to access an intracellular compartment that is normally a much more minor one in Tf-trafficking in reticulocytes. The ERC is often found in a perinuclear location ( [5, 6] for reviews), but reticulocytes lack a nucleus so it will be a challenge to learn more about the compartment containing Tf-TfR complexes in hbd/hbd reticulocytes.
Another issue is whether the defect in rapid Tf-TfR recycling in hbd/hbd mice is only erythroid or systemic. Possibly other tissues tolerate the loss of Sec15l1 protein better because their iron demands are less than those for erythroid cells, where the need for iron for hemoglobin synthesis produces a very high flux. Such high iron flux in reticulocytes could make them more reliant than other cell types on rapid recycling of Tf. Another possibility, as suggested by Lim et al. [2] , is that expression of the paralogous gene, Sec15l2, in other tissues compensates for the absence of Sec15l1 protein. In Drosophila, there appears to be only a single sec15 gene so that tissue specific ablation demonstrates that its gene product promotes asymmetric division of sensory organ precursors [19] and proper targeting of photoreceptors with alterations in specific cell adhesion [20] . These data are consistent with interactions among the products of sec5, sec6 and sec15 [21] The insets show the data on semi-log coordinates. such that cell adhesion occurs properly. Such interactions should also involve Rab11, indicative of a connection between the exocyst and the ERC. Future studies should address the possibilities that paralogous genes alleviate the hbd phenotype or that high erythroid iron flux promotes its expression as well as testing for effects of the mutation on rab11 GTPase and colocalization of rab11 with Tf, given that Sec15 (presumably Sec15l1 protein) is an effector for rab11 GTPase in mammalian cells [22] .
Clearly the knowledge that the hbd mutation is in Sec15l1 is an advance in our understanding of microcytic anemias (2, 3) . By showing here that the mutation diminishes rapid Tf-TfR recycling while leaving an exocytic process that resembles slower Tf-TfR recycling, we extend that understanding to the role of Sec15l1 protein in vesicle docking during receptor mediated endocytosis, opening opportunities to make additional advances in that field.
